Sexual reproduction in eukaryotes depends on meiosis, which is a process that produces haploid gametes (e.g., egg and sperm cells in animals, ovules and pollen in flowering plants or spores in fungi) from diploid precursor cells. Two rounds of chromosome segregation after only a single round of DNA replication enable the reduction of chromosome number. Although the second meiotic division is similar to mitosis in that the centromeres of sister chromatids segregate to opposite poles, the first meiotic division is fundamentally different and ensures the segregation of centromeres of homologous chromosomes (homologs), usually after recombination (crossing over) between homologs 1,2 .
synchronous cultures are often indispensable for studying meiosis. Here we present an optimized protocol for induction of synchronous meiosis in the fission yeast Schizosaccharomyces pombe. chemical inactivation of an atp analog-sensitive form of the pat1 kinase (pat1-as2) by adding the atp analog 1-nM-pp1 in G 1 -arrested cells allows the induction of synchronous meiosis at optimal temperature (25°c). Importantly, this protocol eliminates detrimental effects of elevated temperature (34°c), which is required to inactivate the commonly used temperature-sensitive pat1 kinase mutant (pat1-114). the addition of the mat-Pc gene to a mat1-M strain further improves chromosome segregation and spore viability. thus, our protocol offers highly synchronous meiosis at optimal temperature, with most characteristics similar to those of wild-type meiosis. the synchronization protocol can be completed in 5 d (not including strain production, which may take as long as 2 or 3 months). haploid cells of either mating type (h + or h − ) arrest in G 1 phase. Subsequently, cells of opposite mating type mate to form diploid zygotes, which undergo meiosis (this is called zygotic meiosis) and generate asci with four haploid spores 10 ( Fig. 1) . This process is very efficient but asynchronous. For biochemical analyses, synchronous meiotic cultures are often indispensable. There are two major methods that allow induction of synchronous meiosis in S. pombe: inactivation of a conditional form of the Pat1 kinase, and the use of an established diploid strain heterozygous at the mating-type locus (this is called azygotic meiosis). A temperature-sensitive allele (pat1-114) of the Pat1 (Ran1) protein kinase allows the induction of synchronous meiosis in S. pombe independently of ploidy and most nutritional signals [11] [12] [13] [14] . Pat1 kinase inhibits meiosis by negatively regulating an RNAbinding protein Mei2, which is a major target of Pat1 during mitotic growth 15, 16 (Fig. 2) . Cells harboring pat1-114 mutation can be induced to undergo meiosis in a timely and predictable manner by shifting nitrogen-starved cultures from a permissive (25 °C) to restrictive temperature (34 °C) 6, [11] [12] [13] [14] . However, pat1-114-induced meiosis differs from wild-type meiosis in some aspects, such as chromosome segregation 6, [11] [12] [13] [14] [15] [17] [18] [19] . Whereas in wild-type cells sister centromeres nearly always segregate to the same pole in anaphase I, in meiosis induced by inactivation of Pat1-114 or Pat1-as2 by elevated temperature (34 °C) sister centromeres segregate to the same pole very inefficiently in anaphase I cells (Table 1) 17, 20 . We speculated that some of these abnormalities might be due to the higher temperature needed to inactivate the Pat1 kinase. Therefore, we have applied a chemicalgenetics strategy to develop an ATP analog-sensitive form of Pat1 (Pat1(L95A), designated pat1-as2)), which can be used to pat1-as2/pat1-as2 mat-Pc , pat1-as2/pat1-as2 (JG15620), pat1-114/pat1-114 mat-Pc (JG16328) and pat1-as2/pat1-as2 mat-Pc (JG16113). Cells were cultured to mid-log phase in "YE+4S-Ade" medium, transferred to EMM2-NH 4 Cl medium for 16 h at 25 °C (pat1-114 and pat1-as2) or for 7 h at 25 °C (pat1-114 mat-Pc and pat1-as2 mat-Pc) to synchronize cells in G 1 , transferred to EMM2 medium and incubated at 34 °C or kept at 25 °C with the addition of 25 µM 1-NM-PP1 to inactivate the Pat1-as2 kinase. Progression of meiosis was monitored by flow cytometry for DNA content (cell cycle profiles) and by fluorescence microscopy for the number of nuclei per cell (graphs) in samples collected at the indicated time points after temperature shift or after the addition of 1-NM-PP1 (ref. 20) . About 10,000 cells were assayed by flow cytometry for DNA content (300-600 cells per second), and 100 cells were assayed by microscopy for nuclear divisions. The fractions of cells that contained one nucleus (1n), two nuclei (2n) or more than two nuclei (>3n) are shown.
generate synchronous meiotic cultures at physiological temperature 20, 21 (Fig. 2a,b) . A similar approach has been successfully developed in E. Hidalgo and J. Ayte's laboratory by using the pat1-as1 (Pat1(L95G)) allele 18 . The pat1-as1 allele developed in our laboratory 20 is not fully functional at 25 °C (L.C. and R.H., unpublished data); therefore, we have used pat1-as2. In pat1-as2-induced meiosis, chromosomes segregate with higher fidelity than in pat1-114 meiosis. Moreover, addition of the mat-Pc gene improves the fidelity of chromosome segregation and spore viability to nearly the level of meiosis in wild-type cells ( Table 1) 17, 20 . Our recent study shows that many features of meiotic recombination in pat1-as2 cells at 25 °C are the same as those in the pat1-114 mutant at 34 °C; however, some features of two intermediates-DNA double-strand breaks and joint DNA molecules at certain hotspots-are different at the two temperatures. Interestingly, a novel species, perhaps arising from invasion by only one end of broken DNA, is more readily observed at 25 °C (ref. 22 ). In addition, pat1-as2-induced meiosis eliminates the effect of heat shock and consequent stress responses on meiosis 18 . Thus, we conclude that pat1-as2 mat-Pc cells offer highly synchronous meiosis with most tested properties similar to those of wildtype meiosis. This improved synchronization protocol is therefore a useful tool for studying, among other things, chromosome segregation and recombination in fission yeast meiosis [23] [24] [25] [26] [27] .
Diploid S. pombe cells homozygous at mat1 can be obtained by fusing protoplasts of h + or h − haploids with complementing auxotrophies 28 . The ade6-216 and ade6-210 alleles, which manifest intragenic complementation, are often used because recombination between these two markers, which with appropriate chromosome segregation can produce a prototrophic haploid, is very rare. However, diploids homozygous at mat1, but otherwise wild type, do not undergo meiosis. Diploid S. pombe cells heterozygous at the mating type locus can be obtained by crossing h + and h − haploids with complementary growth requirements (e.g., ade6-M216 and ade6-M210), followed by transfer of zygotes from nitrogen-free medium to growth medium before commitment to meiosis. Only diploid cells will grow in the absence of adenine owing to intragenic complementation between the ade6-M216 and ade6-M210 alleles. However, the use of diploid cells heterozygous at the mating type locus is problematic because they frequently enter meiosis upon reaching stationary phase and diploidy is lost. Meiosis can be induced by shifting exponentially growing diploid S. pombe cells that are heterozygous at mat1 from growth medium to sporulation medium 6, 29 . These cells will undergo successful azygotic meiosis ( Fig. 1 ) with some degree of synchrony but not enough for many studies 6, 30, 31 .
Other methods to induce meiosis in the fission yeast include overexpression of Mei3 (ref. 32) , expression of a nonphosphorylatable form of Mei2 (Mei2-SATA) 16 and ectopic expression of a constitutively active form of Byr1 (ref. 33) . All these methods allow the induction of meiosis in haploid or diploid cells; however, the degree of synchrony has not been investigated in detail. In addition, a novel temperature-sensitive mei4 allele (mei4-N136A) can be used to synchronize the meiotic cell cycle from meiosis I onward 19 . Finally, an optimized protocol for synchronous meiosis at 34 °C using diploid h − /h − pat1-114/pat1-114 cells ectopically expressing mat-Pc has been developed 34 . In our opinion, this protocol, which combines pat1-114 together with ectopically expressed mat-Pc, is the best alternative to our pat1-as2 mat-Pc protocol, although it cannot be carried out at optimal temperature.
Experimental design
To induce synchronous meiosis, haploid pat1-as2 or diploid pat1-as2/pat1-as2 strains are grown in yeast extract (YE)+5S (pat1-as2) or YE+4S-Ade (pat1-as2/pat1-as2) liquid medium to mid-log phase at 25 °C. The cells are collected by centrifugation, resuspended in Edinburgh minimal medium (EMM2)-NH 4 Cl medium and incubated at 25°C to arrest cells in G 1 . The cells are resuspended in fresh EMM2 medium containing a nitrogen source (NH 4 Cl) and induced into meiosis by adding the ATP analog 1-NM-PP1 at 25 °C (Fig. 2a) . To induce the mating pheromone response 
Segregation of chromosome II labeled on both homologs at cen2 with LacI-GFP was scored in 600 anaphase I cells. Spore viability was examined in at least 6,000 spores. See ref. 20. in pat1-as2 cells, mat-Pc is integrated into the genome or, alternatively, synthetic P factor is added to the EMM2 medium. To monitor the progression of meiosis, aliquots of the culture are collected at desired time points, and meiotic progression is monitored by fluorescence microscopy for nuclear divisions and by flow cytometry for DNA synthesis. When the pat1-as2 mutation is used in combination with another mutation (e.g., pat1-as2 rec8∆), the corresponding wild-type strain should be used as a control (in this case, pat1-as2 rec8 + ); additional controls could include pat1 + , to test for 'off-target' effects of the inhibitor, and no inhibitor, to test for specificity of meiotic induction.
Limitations
Although most of the pat1-as2 cells undergo meiosis upon adding the inhibitor, there is a small fraction (usually <5%) of cells that fail to undergo meiosis. The inhibitor 1-NM-PP1 is expensive. Given that the use of analog-sensitive kinase alleles is becoming more popular, we expect that the price will drop in the near future. Alternatively, it may be possible to increase the sensitivity of pat1-as2 cells to 1-NM-PP1 inhibitor by introducing additional mutations in the ATP-binding pocket 35, 36 or by using a mutant strain hypersensitive to chemical inhibitors in which the key transcription factors and drug-efflux transporters responsible for multidrug resistance have been mutated 37 .
In some experiments, it may be desirable to combine pat1-as2 with a temperature-sensitive allele of another essential protein.
As the pat1-as2 allele created in our laboratory is also temperaturesensitive (Fig. 3a) , some experiments may be difficult to perform. Interestingly, the pat1-as1 (L95G) allele created in the laboratory of E. Hidalgo and J. Ayte provides synchronous meiosis, but this allele is not temperature-sensitive 18 (please note that the pat1-as1 (L95) allele created in our laboratory is temperature-sensitive 20 ).
In addition, strains carrying suppressor mutations, either intragenic or extragenic, can be isolated by growing pat1-as2 cells at 32 °C (Fig. 3a) 11, 38 ; some of these suppressor strains maintain their sensitivity to 1-NM-PP1 (L.C., unpublished data).
Our pat1-as2 strain carries both hygromycin-and nourseothricin-resistance markers. Therefore, these two markers cannot be easily used to introduce new alleles or constructs carrying the same drug-resistance markers. We removed the hygromycinand nourseothricin-resistance markers from the pat1-as2 strain; however, this led to decreased sensitivity to 1-NM-PP1 and poor meiotic synchrony (data not shown). We speculate that this is because DNA flanking the pat1-as2 open reading frame may affect the expression levels of pat1-as2. 
MaterIals

REAGENTS
 crItIcal Sterilize media, salts and minerals by autoclaving. Sterilize vitamins by filtration and add them to media after autoclaving. pat1-as2 strain construction is described in Box 1. Genotypes of S. pombe strains are described in Table 1 . All the strains and plasmids described here are freely available, and they can be obtained from G. Smith's or J. Gregan 
Box 1 | Construction of the pat1-as2 strain
Further information about deletion of the pat1 gene can be found in Gregan et al. 5 . Further information about creation of pat1-as mutants can be found in Cipak et al. 20 and Gregan et al. 21 .
Deletion of the pat1 gene 1. PCR-amplify the DNA flanking the pat1 gene (SPBC19C2.05) from genomic DNA by using primers 5′-AAAATCTAGAcgcaagcgttgattg tcgat-3′ and 5′-AAAACTCGAGgtcccaattgatggcgaaaa-3′ for the upstream region and primers 5′-AAAATCTAGAttcgtattccaaaagcttagtttgc-3′ and 5′-AAAAAGATCTtcgctaccgcacgttgtttt-3′ for the downstream region (uppercase letters indicate exogenous sequences used for the cloning, and lowercase letters indicate S. pombe sequences). 2. Purify the products by gel electrophoresis, digest them with XbaI and ligate them to each other. 3. Clone the heterodimer-containing DNA regions flanking the pat1 gene into a pCloneNat1 vector (EF101285) 5 that has been digested with XhoI and BglII and that carries drug-resistance markers for E. coli (ampicillin) and S. pombe (nourseothricin). 4. Amplify the resulting pCloneNat1-∆pat1 plasmid (p132) in E. coli and linearize it by cutting it with XbaI. 5. Use the pCloneNat1-∆pat1 plasmid with selection for clonat-resistant transformants to delete one copy of the essential pat1 gene in diploid strain JG11315. 6. Confirm the deletion by colony PCR and by tetrad analysis 20 .
creation of pat1-as mutants 7. PCR-amplify the pat1 gene together with its promoter and terminator regions from genomic DNA by using primers 5′-ATATCTCG AGcgattgtgtttccttctcatcc-3′ and 5′-ATATGGATCCggtgatacaatatgactgcatgc-3′. 8. Clone the amplified DNA into a pCloneHyg1 vector (EF101286) 21 carrying drug resistance markers for E. coli (ampicillin) and S. pombe (hygromycin B) by using XhoI and BamHI restriction sites, resulting in pCloneHyg1-pat1 plasmid (p133). 9. Use site-directed mutagenesis (e.g., QuikChangeII site-directed mutagenesis kit, Agilent Technologies) of this plasmid to change leucine 95 of Pat1, predicted to be the 'gatekeeper' residue, to glycine or alanine. Oligonucleotides used for mutagenesis are as follows: 5′-aagacgccattt atgtcgttggccagtattgtccgaatgg-3′ (sense) and 5′-ccattcggacaatactggccaacgacataaatggcgtctt-3′ (anti-sense) for the Leu95Gly mutant and 5′-aagacgccatttatgtcgttgcccagtattgtccgaatgg-3′ (sense) and 5′-ccattcggacaatactgggcaacgacataaatggcgtctt-3′ (antisense) for the Leu95Ala mutant (mutant codons are italicized). Confirm the mutations by sequencing. 10. Linearize the resulting plasmids pCloneHyg1-pat1-as(L95G) (p134) and pCloneHyg1-pat1-as(L95A) (p135) with Psp5II and transform into diploid ∆pat1/pat1 + strain JG15101. Sporulate the hygromycin-resistant transformants on EMM2-NH 4 Cl plates at 25 °C for 36 h, and then isolate haploids carrying mutant pat1-as(L95G) (further referred to as pat1-as1) or pat1-as(L95A) (further referred to as pat1-as2) alleles on the basis of resistance to nourseothricin and hygromycin. 11. Confirm the correct integration of mutant alleles by colony PCR and verify by sequencing the presence of the expected pat1-as alleles 20 .
Introducing an ectopic mat-Pc gene into pat1-as strains 12. PCR-amplify lys1-mat-Pc from the pYC36 vector 17 by using primers 5′-ATATTTAATTAAttttttgaacgctaaactttctaag-3′ and 5′-CCCCCTCGAGaaatgattctatcgtatcc-3′. 13. Digest the amplified fragment containing lys1-mat-Pc with PacI and XhoI enzymes and clone it into the pCloneBle1 vector (GQ354685) 39 . 14. Linearize the resulting pCloneBleoMX-mat-Pc plasmid (p165) with PpuMI and integrate it into the lys1 + locus of pat1-114 and pat1-as2 diploid strains by transformation using selection for bleomycin-resistant transformants. Verify the correct integration by colony PCR 20 .
Shaking incubators or water baths, 25 °C and 34 °C Flow cytometer (e.g., FACS Calibur) Fluorescence microscope REAGENT SETUP  crItIcal All media should be stored at 4 °C, and they are stable for 1-2 years. 
Yeast extract medium with supplements (YES medium)
2|
Create diploid h − /h − cells expressing the mat-Pc gene by linearizing the pCloneBleoMX-mat-Pc plasmid (p165) with PpuMI restriction enzyme and transforming into pat1-as2/pat1-as2 diploid strain with selection for bleomycin-resistant transformants. Confirm successful integration into the lys1 locus by PCR.  crItIcal step pat1-as2 strain is temperature-sensitive. Grow the cells at no more than 25 °C. Suppressors of the temperature sensitivity arise at multiple loci 11, 38 ; temperature sensitivity should be frequently checked, as the suppressed strains may not undergo meiosis.  crItIcal step Diploid pat1-as2/pat1-as2 strains should be grown on YE+4S-Ade plates supplemented with 200 mg per liter of hygromycin to keep selection for diploid cells containing the pat1-as2 allele. Complementing ade-210/ade6-216 diploid strains form white (adenine prototrophic) colonies, whereas haploid segregants form red (adenine auxotrophic) colonies.  crItIcal step Check the sensitivity of the pat1-as2 strain to 1-NM-PP1 on YE+5S medium containing 30 µM 1-NM-PP1 by comparing it with a wild-type (pat1 + ) strain.  pause poInt Strains can be stored at 4 °C for weeks or at −80 °C in 15% (vol/vol) glycerol for years.
arresting cells in G 1 by nitrogen starvation 3| Inoculate a single diploid pat1-as2/pat1-as2 colony into 5 ml of YE+4S-Ade medium and incubate it overnight at 25 °C. In the morning, dilute the culture to an OD 600 of 0.15 (~0.2 × 10 7 cells ml −1 ) in YE+4S-Ade medium and grow it at 25 °C until it reaches an OD 600 of 0.8-1.0 (~1.4-1.8 × 10 7 cells ml −1 ).
4|
Dilute the culture into 100 ml of YE+4S-Ade medium to an OD 600 of 0.2 (~0.3 × 10 7 cells ml −1 ) and grow it at 25 °C until it reaches an OD 600 of 0.55 (~0.8 × 10 7 cells ml −1 ).
5|
Centrifuge the culture (2,000g, 2 min, 25 °C), wash the cells twice in 100 ml of sterile water and resuspend them in 100 ml of EMM2-NH 4 Cl medium.
6|
Incubate the culture at 25 °C for 16-18 h (pat1-as2/pat1-as2 (JG16022)) or for 7 h (pat1-as2/pat1-as2 mat-Pc (JG16113)) to arrest the cells in G 1 .  crItIcal step Proper G 1 arrest (>80% of cells with 1n or 2n DNA content for haploids or diploids, respectively (n = number of copies of each chromosome)) is crucial to achieve high synchrony of meiosis.
Inducing meiosis by inhibiting the pat1-as2 kinase by adding 1-nM-pp1 7| Centrifuge the culture (2,000g, 2 min, 25 °C) and resuspend the cells in 100 ml of EMM2+NH 4 Cl medium. (Alternatively, it may be possible to simply add NH 4 Cl into EMM2-NH 4 Cl culture instead of changing the medium. However, we have not tried this.) ? troublesHootInG 8| Induce meiosis by adding 1-NM-PP1 to 25 µM and incubate at 25 °C. If you wish to induce the mating pheromone response in h − /h − pat1-as2/pat1-as2 cells (JG16022), also add synthetic P factor at a concentration of 70 µg ml −1 to the EMM2 medium at this step. ! cautIon P factor is expensive. It may be possible to use the sxa2∆ mutation, which encodes a P factor-specific protease, to enhance sensitivity to P factor 17, 40 , and thereby use less P factor.  crItIcal step Proceed to Step 9 during the incubation period as aliquots of the culture need to be taken at regular intervals throughout this incubation.
Monitoring the progression of meiosis 9| Collect 0.5-ml aliquots of culture every 60 min, centrifuge (6,000g, 5 min, 4°C) the aliquots and fix the cells in 70% (vol/vol) ethanol.
? troublesHootInG  pause poInt Fixed cells can be stored at 4 °C for several weeks.
10| Stain DNA with DAPI or Hoechst 33342, examine it by fluorescence microscopy and count nuclear divisions per cell.
11|
If desired, monitor premeiotic S phase by flow cytometry, as described in ref. 41 .
? troublesHootInG step 1, sensitivity of the pat1-as2 strain to atp analog is lost or decreased • ATP analog is inactive (in our hands, 1-NM-PP1 is stable in DMSO solution for several months and up to several years when it is stored at −20 °C).
• DNA flanking the pat1-as2 open reading frame has been lost or rearranged. This DNA contains several repeats that may cause instability of this region 22 . We found that deletion of drug-resistance markers flanking the pat1-as2 open reading frame led to decreased sensitivity to the 1-NM-PP1 inhibitor (S.P. and L.C., unpublished data).
• Suppressor mutations occur when pat1-as2 cells are grown at higher temperature (32-34 °C) (Fig. 3a) . Some of these mutations may render pat1-as2 strains insensitive to 1-NM-PP1. step 7, different results are observed in pat1-114-induced meiosis compared with those in pat1-as2-induced meiosis • Detrimental effects of elevated temperature on meiosis have been described in numerous studies (e.g., refs. 6,42-45). pat1-as2-induced meiosis should be used whenever possible. • Pat1 may have roles other than its protein kinase activity 18 . Whereas inactivation of Pat1-as2 by adding ATP analog is expected to inhibit the protein kinase activity only, inactivation of the temperature-sensitive Pat1-114 (or Pat1-as2) by higher temperature is likely to destroy the structure and/or stability of the Pat1 protein. This may lead to differences in meiosis induced by ATP analog-dependent Pat1-as2 inhibition and meiosis induced by the shift of pat1-114 strains to higher temperature. step 7, different results are observed in pat1-induced meiosis when compared with normal (diploid h + /h − ) meiosis • Although many meiotic processes occur similarly in both haploid and diploid cells, we recommend using diploid pat1-as2/pat1-as2 cells (homozygous at the mating-type locus h + /h + or h − /h − , to prevent starvation-induced meiosis) whenever possible. This should eliminate possible artifacts caused by haploid meiosis.
step 9, synchrony of meiosis is low • G 1 arrest was poor. This should be evident from the flow cytometry profiles. Note that some mutants are not able to arrest in G 1 or they quickly lose their viability in nitrogen-poor medium 46, 47 .
• The strain was not a prototroph. Many auxotrophic strains fail to induce synchronous meiosis, especially those with more than one auxotrophy. Prototrophic strains should be used whenever possible, although adenine auxotrophs induce well.
• Use prewarmed medium and a water bath for incubation of cell cultures to achieve higher synchrony.
• pat1-as2 matPc cells enter meiosis prematurely upon longer N starvation (more than 10 h in EMM2-NH 4 Cl medium).
• Meiosis in haploid cells is abnormal (Fig. 3b) : unequal segregation of chromosomes and lagging chromosomes during anaphase are frequently observed. Therefore, errors can be easily made when scoring meiotic nuclear divisions in haploid cells.
